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SECTION  1.  SUMMARY 


1.1  BACKGROUND 

Acceleration  i one  of  the  chief  measurements  made  during  ballistic 
impact  tests.  A typical  test  will  consist  of  5 to  20  shots  fired  into 
a vehicle  instrumented  with  18  to  48  piezoelectric  accelerometers.  In 
the  past  , a much  a a third  ot  the  data  is  lost  due  to  DC  offset  or 
accelerometer  break  ige. 

Because  .if  the  imminent  testing  of  the  XM1  APG  has  contacted 
several  agencies. , including  Sandia  Laboratories,  the  Shock  and  Vibration 
Information  Center,  Frankford  Arsenal,  Endevco,  Naval  Ordnance  Labora- 
tories, and  the  Nat ional  Bureau  of  Standards  in  an  effort  to  improve 
ballistic  shock-measurement  techniques.  From  these  discussions  it  was 
found  that  little  work  has  been  published  on  shock  levels  as  high 
1100,000  g's)  or  as  fast  l less  than  80  microseconds ) as  encountered  in 
ballistic  shock.  This  area  has  been  described  as  a peculiar  region 
where  high-level  accelerations  are  caused  by  high-velocity  stress  waves. 

The  damage  potential  of  stress-wave-induced  acceleration  is  not 
well  defined,  but  it  is  generally  felt  that  even  though  the  acceleration 
levels  are  high,  the  velocity  change  and  damage  potential  are  small. 
Transducer  mounting  conditions  such  a surface  finish,  flatness,  and 
mount ing  torque  cause  large  variations  in  results  and  differences  ot 
more  than  t-50T  are  typical. 

Because  ot  the  problems  encountered  in  high-level  shock,  the  National 
Bureau  of  Standards  does  not  calibrate  accelerometers  above  10,000  g's. 

The  calibration  of  accelerometers  for  the  shock  values  encountered  in 
ballistic  impact  is  therefore  done  indirectly  or  at  levels  at  least  one 
order  of  magnitude  below  the  level  of  interest. 

Preliminary  research  indicated  that  many  of  the  problems  in  ballistic 
shock  measurement  might  be  eliminated  by  using  piezoresistive  accelerom- 
eters. mounted  so  they  are  isolated  from  the  high-frequency  acceleration 
caused  by  stress  waves.  This  "mechanical  filtering"  will  allow  lower 
frequency  acceleration  components  (with  higher  velocity  change  and  damage 
potential)  to  fall  within  the  signal-to-noise  ratio  of  the  tape  recorder 
or  digital  memory  used  to  store  the  shock  record.  This  study  was  con- 
ducted to  determine  it  these  solutions  were  satisfactory  both  from  an 
accuracy  and  a field  usability  standpoint. 


1.2  OBJECTIVES 

The  objectives  of  this  study  were: 

a.  To  compare  piezoelectric  (crystal)  and  piezoresistive  (strain- 
gage)  accelerometers . 
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b.  To  try  various  wot  t -mount  ing  techniques  to  mechanically  filter 
out  h i gh-  I requeues-  acceler.it  ion. 

c.  To  assist  in  t ho  gathering  and  analysis  ot  hallistio  shock 
data  taken  under  field  testing  conditions. 
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laborators  an.!  tield  tests-  were  conducted  using  both  pie.-.oe  lect  r ic 
fcry.  tall  -u'.-i  p i e cores i s t i ve  1st  rain-gage)  ,u\'e  lerontet  ers  and  the  re 
■ ult  were  compared.  Various  cent  igur.it  ions  and  materials  were  used  to 
mechanically  filter  cut  high-t requency  acre lerat ion . 


rield  data  from  tour  tests  were  gathered  and  analysed.  Onlv  one 
of  these  tests  involved  ballistic  impact ; the  other  three  were  large 
caliber  weapon  ! irings.  The  recoil  shock  ot  a largo-eal  iber  weapon  is 
signit  icant Iv  dittcrent  t rom  the  ballistic  impact  shock  because  ot  the 
large  amount  ot  rigid  body  motion  during  recoil,  Also  present  during 
recoil  shock,  however,  are  high-frequency  transients  that  ring  acceler- 
ometers at  their  own  natural  frequencies.  Since  weapons  are  often 
i ns t rumen t ed  with  displacement-measuring  equipment,  a g \'d  understanding 
ot  the  rigid  body  motion  is  available.  With  this  understanding,  accel- 
erometer signals,  can  be  analv/.ed  and  those  that  are  realistic  can  be 
separated  t rom  tho.-e  that  are  physically  impossible. 


l.‘t  SPMMAKY  OT  KT.Sl'I.TS 

File  best  measurements  under  field  test  conditions  were  obtained 
using,  pie.-oresis  t ive  acre  lerome  t ers  and  filtering;  the  worst  measure 
ments  were  obtained  using  pie/.oe  lee  t r ic  accelerometers  and  no  tilt  ei- 
ing.  The  most  meaningful  interpretat  ion  ot  t he  data  came  t rom  comparing 
titi'  peak  velocity  changes;  the  least  meaningful  interpretat  ion  came  t rom 
comparing  the  peak  acre  lerat  ions, . 

The  soft  mounting  techniques  used  in  this  study  resulted  in  the 
introduction  ot  a new,  underdamped  resonance  that  was  oh iect  i enable 
when  compared  with  electronic  filtering.  Newly  introduced,  commercially 
fabricated  sot  t mounts,  have  been  ordered  and  will  be  tested  when  they 
are  received. 


l.S  ANALYSIS 

A typical  ballistic  shook  record  is  in  t igure  l.h-l.  It  shows  high 
frequency  ringing  t'  TO  kHz.)  well  above  the  usable  t requencv  range  ot 
the  acce  1 eromet  or  f'  0 kll.-.l.  Lift  l'  usetul  intormation  is  available 
t rom  this  present  at  ion  ot  the  data.  A poor  wav  ot  interpreting  the  data 
is  to  pick  the  largest  "whisker"  t'  l.',000  g’s)  and  simply  state  that  at 
this  looat  ion  l.'.OOO  g’s  are  present,  therein1  implying  that  obiects  in 
this  position  should  be  designed  to  withstand  10,000  times  their  own 
weight ! 
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There  are  several  errors  in  this  interpretat ion . First,  the  fre- 
quency range  of  the  signal  is  well  above  the  useful  frequency  range  of 
the  accelerometer,  which  for  an  undamped  accelerometer  means  that  the 
signal  will  be  amplified.  Second,  in  this  frequency  range  the  type  of 
mounting  as  well  as  the  brand  and  type  of  accelerometer  used  will  cause 
the  result  to  vary  considerably  from  test  to  test.  Ttiird,  and  most 
important,  tew  structures  known  to  man  have  a first  resonance  high 
enough  to  respond  to  a 20-kHz  transient. 

The  response  of  a mechanical  system  to  an  input  shock  can  be  divided 
into  three  broad  categories: 

a.  Quasi-static  response  - the  frequency  content  of  the  shock  is 
well  below  the  natural  frequency  of  the  system,  and  the  system  motion 
duplicates,  the  input  shock  motion.  The  maximum  system  acceleration  is 
the  peak  acceleration  of  the  input  shock.  The  best  single  number  to 
describe  the  -hock  input  is  the  peak  acceleration. 

b.  Dynamic  response  - the  frequency  content  of  the  shock  is  approxi- 
mately equal  to  the  natural  frequency  of  the  system.  The  motion  of  the 
..ystem  is.  a combination  of  the  shock  input  and  the  natural  resonance  of 
the  V:  tern.  There  is  no  simple  way  to  determine  the  motion  (response) 

of  the  system  and  no  single  number  can  be  used  to  describe  the  shock 
input . 


Impulsive 

cons iderablv  higher 
is  the  natural  resonance 


’spouse  - the  frequency  content  of  the  shock  is 
than  the  system  natural  frequency.  The  system  motion 
The  amplitude  of  this  motion  depends  only  on 
the  integral  (aeoelorat ion  x time  = velocity  change)  of  the  input  shock . 
The  best  single  number  to  describe  this  kind  of  shock  is  the  velocity 
change.  Ballistic  shock  typically  contains  very-high-frequency  accelera- 
tion (dO  kHc  and  above).  liven  the  most  "rigid"  components  mounted  on  a 
combat  vehicle,  such  as  gun  sights,  have  a first  resonance  below  kHc. 
Since  the  shock  input  frequency  is  ten  times  the  structure  resonant 
frequency,  ballistic  impact  causes  an  impulsive  response  in  structures; 
hence,  the  velocity  change  of  a ballistic  shock  is  a good  number  to 
describe  the  shock--peak  acceleration  is  a poor  number  to  use  in  do- 
se r i b i n g t he  s ho c k . 


The  motion  of  a structure  can  be  divided  into  three 


ategcries : 


and 


a.  Rigid  body  motion  - the  structure  translates  through  space 
no  deformation  occurs.  This  type  of  motion  normally  involves  fairly 
large  displacements , typically  greater  than  0.1  inch  (0.054  cm). 

b.  Elastic  motion  - the  structure  remains  stationary,  but  deforms 
according  to  the  laws  of  elasticity  and  the  elastic  properties  of  the 
material.  This  kind  of  motion  involves  small  displacements,  typically 
in  the  range  of  0.01  inch  (0.25  mm)  to  0.001  inch  (0.025  mm). 


't 
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o.  Surface  motion  - this  motion  is  caused  by  stress  waves  travel  inf 
through  the  material.  Distortion  of  the  material  depends  on  the  acous- 
tic properties  of  the  material  and  is  best  described  in  terms  of  wave 
motion.  This  type  of  motion  involves  extremely  small  displacements, 
typically  less  than  0.000034  inch  (1  micron). 

During  ballistic  impact,  stress  waves  containing  a discontinuity 
(lust  as  shock  waves  in  air  contain  a pressure  discontinuity)  travel 
through  the  armor;  late.  Ac.  this  discontinuity  travels  past  an  acceler- 
ometer, an  instantaneous  change  in  displacement  occurs,  resulting  in  an 
"infinite"  acceleration.  The  accelerometer  tries  to  respond  at  its  own 
natural  frequency,  resulting  in  a "ring"  at  the  accelerometer  natural 
frequency. 

Manufacturers  of  undanped  accelerometers  warn  against  using  the 
accelerometer  to  measure  acceleration  with  a pulse  width  below  a speci- 
fied value.  During  ballistic  testing  it  is  impossible  to  control  the 
■ Li  ration  • ul  width  that  will  be  present.  "Soft  mounting"  is  an 
attempt  to  control  the  . ulse  width  experienced  by  the  accelerometer 
regardless  of  the  ; ul  e width  present  on  the  plate. 

If  it  were  pes.-lble  to  provide  damping  in  the  accelerometers  that 
measure  high-level  shock  (10,000  to  100,000  g’s),  the  accelerometer 
ringing  problem  could  be  eliminated  and  better  measurements  could  be 
obtained.  Unfortunately,  because  of  the  small  displacements  made  by  the 
seismic  mass  of  the  accelerometer,  traditional  oil  or  gas  damping  tech- 
niques are  not  practical. 

The  amplitude  difference  between  rigid  body  motion  (<100  g’s)  and 
surface  motion  (>10,000  g’s)  is  so  great  that  it  is  rare  that  both 
signals  will  fall  within  the  signal-to-noise  ratio  of  recording  equip- 
ment. It  must  therefore  be  decided  in  advance  which  type  of  motion  is 
important  and  appropriate  filtering,  mounting,  and  gain-adjustment  steps 
must  be  taken  before  the  signals  are  recorded. 

The  effect  of  stress-wave- induced  acceleration  on  a structure  varies 
greatly  with  the  structure's  mounting,  number  and  type  of  joints,  flat- 
ness, and  surface  finish  because  the  displacements  are  so  small.  Only 
items  with  high  natural  frequencies  (such  as  accelerometers)  are  affected 
significantly  by  this  type  of  motion.  For  this  reason  it  is  usually 
desirable  to  avoid  (by  filtering  or  "soft  mounting")  recording  stress- 
wave-induced  acceleration. 

In  ballistic  shock  measurement,  a typical  decision  might  be  to 
filter  out  surface  motion  but  attempt  to  measure  elastic  motion.  A 
typical  filtering  frequency  for  this  approach  might  be  4 kHz.  At  a 
minimum,  signals  from  undamped  accelerometers  should  be  low-pass  filtered 
at  the  end  of  the  accelerometer  usable  frequency  range  to  prevent  re- 
cording an  accelerometer  ringing  at  its  own  natural  frequency. 
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In  iviiiT.il,  piezori-  ie.t  ivi-  accelerometers  have  been  more  reliable, 
mor>  roil:,  istent  , and  easier  to  work  with  than  piezoelectric  accel-r- 
• 'meter  . The  execs.  i ve  r i ng  and  DC  shift  characteristics'  of  piezo- 
electric iceeleromet  er  are  discussed  elsewhere  in  this  report.  A 
i toblem  not  discussed  elsewhere  is  the  tendency  of  charge  amplifiers 
to  drift  when  cables  are  subjected  to  the  wet  and  dirty  condition 
tv.  ical  of  field  to  tinp,,  or  when  tnoi  lure  condense  within  the  elec- 
tronic' because  the  instrumentation  trailer  cools  overnight.  This  prob- 
lem causes  delays  in  testing  or  the  use  of  questionable  techniques,  such 
a-  offsetting  the  amplifier  so  it  will  be  drifting  through  zero  when  the 
test  round  is.  fired. 

figure  1.5-2  illustrates  a poor  acce ler.it ion-measurement  technique. 
Note  that  the  peak  acceleration  in  both  channels  is  approximately  1000 
>•  ’ , even  though  one  accelerometer  is.  mounted  in  the  direction  of  fire 
ind  the  other  is  perpendicular  to  the  line  of  fire  of  the  weapon.  Obvi- 
ously, using  peak  accelerat ion  from  these  signals  to  describe  the  shock 
would  be  meaningless . The  ignal  from  channel  8 (perpendicular  to  the 
line  of  fire)  consists  almost  entirely  of  oscillation  at  the  natural 
frequency  of  the  accelerometer . The  velocity  change  is  the  most  useful 
information  available  from  the  data  and  shows  immediately  which  channel 
is  in  the  line  of  fire  (and  receiving  a significant  shock)  and  which 
channel  is  perpendicular  to  the  line  of  fire  (receiving  insignificant 
shock ) . 

An  example  of  much  better  acceleration-measurement  technique  is 
in  figure  1.8-3  (page  10).  Notice  that  the  difference  between  a high- 
velocity  round  and  a low-velocity  round  is  immediately  obvious  from 
both  the  acceleration  and  the  velocity  change  plots.  Further  evidence 
that  the  type  of  data  shown  in  figure  1.5-3  is  good  includes:  (1)  three 
different  accelerometers  agreed  to  within  5%  and  (2)  the  velocity  change 
indicated  by  the  accelerometers  agreed  to  within  3*?.  of  the  recoil  ve- 
locity recorded  by  displacement -measuring  instrumentation. 

Two  sign! f ic.int  points  should  be  emphasized  in  the  last  three 
exam:  les: 

i.  The  best  shock -measurement  results  wore  obtained  using  piezo- 
rt  i : t i vo  accelerometers  and  filtering.  The  worst  results  wore  obtained 
using  . iozoelectric  accelerometers  and  no  filtering. 

b.  The  most  meaningful  interpretation  of  the  data  was  obtained 
by  omparing  the  peak  velocity  changes.  The  least  meaningful  intor- 
; rotation  was.  found  bv  comparing  the  peak  accelerations. 


8 


ire  1.5-2.  Acceleration  measured  on  a 105-mm  howitzer  using  piezoelectric  accelerometers  and  no  filtering 

' IS  IN  THE  LINE  OF  FIRE  AND  CHANNEL  3 IS  PERPENDICULAR  TO  THE  LINE  OF  FIRE. 


Figure  1.5-2.  Acceleration  measured  on  a 105-mm  howitzer  using  piezoelectric 
Channel  7 is  in  the  line  of  fire  and  channel  3 is  perpendicular  to  the  line  of  fi 
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Figure  1.5-3.  Acceleration  measured  on  a 155-mm  howitzer  using  piezoresis- 
kHz.  Round  10  is  a high-velocity  (zone  8)  shot  and  round  7 is  a lower-veli 
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1.6  CONCLUSIONS 

a.  Ballistic  shock  is  an  impulsive  phenomena;  therefore,  techniques 
for  measuring  and  analyzing  an  impulse  should  be  used. 

b.  Depending  on  the  mounting,  filtering,  and  type  of  accelerometer 
used,  almost  any  number  can  be  obtained  for  peak  acceleration  during 
ballistic  shock. 

c.  Peak  acceleration  is  therefore  an  almost  meaningless  number  in 
the  evaluation  of  ballistic  shock.  Peak  velocity  change  is  a much  more 
meaningful  number  to  use  in  evaluating  ballistic  shock. 

d.  In  controlled  shocks  where  the  pulse  width  of  the  shock  is 
above  a certain  critical  value,  piezoelectric  accelerometers  agree  quite 
well  with  piezoresistive  accelerometers. 

e.  In  ballistic  shock,  where  pulse  width  cannot  be  controlled, 
piezoelectric  (crystal)  accelerometers  with  no  filtering  produce  the 
worst  results;  piezoresistive  (strain-gage)  accelerometers  with  filtering 
produce  the  best  results. 


1.7  RECOMMENDATIONS 

a.  Piezoresistive  accelerometers  and  filtering  should  be  used 
when  possible  in  the  measurement  of  ballistic  shock. 

b.  A computer  program  to  determine  velocity  change  from  ballistic 
shock  data  is  required  and  will  be  written  by  the  MTD  Analytical  Lab- 
oratory to  allow  quick  and  efficient  analysis  of  the  great  volume  of 
data  anticipated  during  the  XM1  vulnerability  testing. 

c.  TECOM  TOP  2-2-620,  Resistance  of  Armored  Vehicles  to  Severe 
Shock,  should  be  changed  to  incorporate  these  findings. 
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SECTION  2.  DETAILS  of  INVESTIGATION 
2.1  FIELD  TEST  RESULTS 

This  section  describ»‘u  acre lcrat ion  data  taken  under  field  testing, 
conditions  (i.e.,  outdoors,  using  cables  150  meters  or  longer,  and 
recording  lata  on  EM  magnetic  t.v  • 1.  Data  from  four  tests  will  be 
d i scussed : 

.1.  Explosion  of  u landmine  under  a tank. 

b.  Tiring  of  a 105-mm  tank  g,  . . 

c.  Firing  of  a 105-mm  howitzer. 


d.  Firing  of  a 155-mm  howitzer. 


Landmine  test  - shown  in  figures  2.1-1  through  2.1-4  are  four 
acceleration-versus-time  shots  taken  from  three  different  locations 
when  a landmine  exploded  under  a tank.  All  accelerometers  were  mounted 
in  the  same  direction  (vertical)  on  the  hull  floor,  and  were  within  a 
few  inches  of  each  other.  One  would  expect  that  a similar  shock  was 
present  at  all  locations.  Note  that  DC  shifts  occurred  in  both  piezo- 
electric accelerometers  (figures  2.1-1  and  2.1-4).  The  peak  acceleration 
value  from  the  unfiltered  piezoelectric  accelerometer  (figure  2.1-1) 
is  approximately  9000  g's.  The  pea):  acceleration  of  the  piezo- 
electric accelerometer  filtered  at  1 kHz  (figure  2.1-4)  shows  a peak 
acceleration  of  ipproximately  14,000  g's!  This  result  is  almost  cer- 
tainly in  error.  The  signal  of  this  accelerometer  was  also  to  be 
recorded  with  filtering  at  10  kHz,  but  it  overdrove  the  tape-recorder 
electronics,  which  were  adjusted  to  clip  at  about  14,000  g's.  A 
quick  "eyeball  integration"  of  this  plot  (4000  g's,  sustained  for 
7 milliseconds)  reveals  a velocity  change  of  902  feet/second  (275  meters/ 
second),  which  is  inconceivable.  In  addition,  since  no  negative  ac- 
celeration is  shown  to  reduce  this  velocity  over  the  remaining 
50  milliseconds,  a displacement  of  900  x 0.05  = 45  feet  (13.7  meters) 
is  implied.  Obviously  this  channel  is  bad. 


These  four  data  channels  illustrate  several  problems  typical  of 
ballistic  shock: 

a.  Lack  of  agreement  between  accelerometers  mounted  in  the  same 
location . 


b.  Los s of  data  (or  obviously  bad  data)  on  one  accelerometer 
while  accelerometers  on  either  side  provide  believable  results. 

c.  Lack  of  a meaningful,  useful  interpretation  and  presentation 
of  the  data. 
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Figure  2.1-1.  Acceleration  versus  time  measured  on  floor  of  tank.  Piezoelectric  accelerometer,  no  filtering 
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Figure  2.1-4.  Acceleration  versus  time  measured  on  floor  of  tank.  Piezoelectric  accelerometer,  filtered 
kHz. 


10 5- mm  tank-gun  tost  - in  this  tost,  piezoelectric  accelerometers 
t titered  at  4 kHz  were  mounted  on  the  muzzle  and  breech  of  a 105-mm 
tank  gun.  The  gun  was  also  instrumented  to  measure  the  recoil  distance 
as  a function  of  time.  Differentiating  this  displacement  with  respect 
to  time  provides  a peak  recoil  velocity  of  approximately  35  feet/second 
(10.7  meters/second).  The  acceleration-time  curves  were  integrated  to 
see  if  a similar  peak  velocity  could  be  obtained.  The  results  are  in 
figures  2.1-5  and  2.1-b. 

Note  that  the  breech  accelerometer  gives  a peak  velocity  of  about 
38  teet/second  (ll.b  meters/second),  which  is  within  9%  of  the  actual 
value.  The  muzzle  accelerometer  gives  a peak  velocity  of  51  feet/ 
second  (15.5  meters/second),  which  is  within  46%  of  the  actual  value. 

It  is  conceivable  that  the  muzzle  could  have  a higher  initial 
velocity  change  than  the  breech  due  to  the  elasticity  of  the  gun  tube. 

A difference  between  the  muzzle  and  the  breech  velocities  of  the 
magnitude  indicated,  however,  would  lead  to  an  inconceivable  amount  of 
compression  of  t he  gun  tube.  Figures  2.1-5  and  2.1-6  indicate  an 
average  velocity  difference  between  the  muzzle  and  the  breech  of  20  feet/ 
second  (6.1  meters/second)  over  the  first  30  milliseconds  after  muzzle 
exit  of  t lie  round.  This  sustained  velocity  difference  would  result  in 
a 6.8  inch  (17.4  cm)  deflection  of  the  gun  tube,  which  is  inconceivable. 

It  is  felt  that  the  breech  accelerometer  provided  a reasonable 
description  of  the  rigid  body  motion  of  the  tank  gun.  The  muzzle 
accelerometer,  which  was  subjected  to  more  violent  motion  than  the 
breech  accelerometer,  provided  only  a mediocre  description  of  the  rigid 
body  motion  of  the  tank  gun. 

105-mm  howitzer  test  - in  this  test,  the  first  attempt  to  "soft 
mount"  an  accelerometer  (and  thereby  mechanically  filter  out  high- 
frequency  surface  motion)  was  made.  A layer  of  rubber  was  placed 
between  the  accelerometer  mounting  block  and  the  mounting  surface. 

The  accelerometer  mounting  block  was  attached  using  nylon  screws. 

Piezoresistive  accelerometers  were  used  on  the  soft  mount.  A 
triaxial  piezoelectric  accelerometer  was  also  hard  mounted  on  the 
howitzer  for  comparison.  All  channels  were  recorded  both  unfiltered 
and  filtered  at  4 kHz. 


2. 1 (Cont 'd) 

The  signal  from  the  soft-mounted  accelerometer  is  shown  in 
figure  2.1-7.  Note  that  the  soft  mount  oscillated  at  approximately 
<\#  600  Hz.  The  mounting  configuration  used  had  little  damping. 

The  unfiltered  signal  from  the  soft -mounted  accelerometer  was 
essentially  the  same  as  the  signal  filtered  at  4 kHz.  The  unfiltered 
signal  from  the  hard-mounted  accelerometer  was  substantially  different 
from  the  signal  filtered  at  4 kHz  due  to  the  accelerometer  ringing  at 
its  own  natural  frequency. 

Figure  2.1-8  compares  the  hard-mounted  accelerometer  with  the 
soft-mounted  accelerometer  (both  signals  filtered  at  4 kHz).  The 
actual  velocity  change  during  recoil  for  this  type  of  round  should  be 
approximately  35  feet/second  (10.7  meters/second).  Although  a cleaner 
record  was  obtained  with  the  hard-mounted  accelerometer,  DC  shift 
(typical  of  piezoelectric  accelerometers)  caused  a drift  in  the 
velocity  plot. 

15-5-mm  howitzer  test  - in  this  test  a piezoresistive  accelerometer 
and  a damped  strain-gage  accelerometer  were  mounted  on  the  breech  of  a 
155-mm  howitzer.  In  addition,  a damped  strain-gage  accelerometer 
was  mounted  on  the  forward  end  of  the  recoil  mechanism  (a  recoiling 
part).  All  accelerometers  were  hard  mounted  to  the  weapon.  All  signals 
were  low-pass  filtered  at  1 kHz  before  recording.  No  extra  tape- 
recorder  channels  were  available  to  record  the  unfiltered  signals. 

This  weapon  was  also  instrumented  to  measure  recoil  distance  as  a 
function  of  time.  Differentiating  this  displacement  with  respect  to 
time  gives  a peak  recoil  velocity  of  45.09  feet/second  (13.7  meters/ 
second)  for  round  9.  The  acceleration  measured  by  the  two  breech-mounted 
accelerometers  is  shown  in  figure  2.1-9. 

The  two  accelerometers  agree  quite  well;  the  piezoresistive  acceler- 
ometer (AH09C)  indicates  a peak  recoil  velocity  of  45.89  feet/second 
(14.0  meters/second),  which  is  within  2%  of  the  value,  and  the  strain- 
gage  accelerometer  indicates  a peak  recoil  velocity  of  45.2  feet/second 
(13.8  meters/second),  which  is  within  1%  of  the  value. 

Figure  2.1-10  compares  the  breech  acceleration ' with  the  acceler- 
ation measured  at  the  forward  end  of  the  recoil  mechanism;  these  two 
measurements  agree  quite  well  until  muzzle  exit.  The  peak  recoil 
velocity  from  the  forward  gage  is  44.98  feet/second  (13.7  meters/second), 
which  is  within  1%  of  the  actual  value. 

These  results  are  very  good.  The  curves  obtained  agree  quite  well 
with  other’  measurements  of  the  weapon  motion  and  with  what  one  would 
expect  for  rigid  body  motion  of  the  weapon.  The  error  in  shock 
measurements  of  5%  is  typical;  in  this  case,  the  error  appears  to  be 
much  less  (1%  or  2%)  . 


Figure  2.1-7.  Acceleration  versus  time  measured  by  a piezoresistive  accelerometer,  soft  mounted  on 
105-mm  howitzer  in  the  line  of  fire.  Data  were  filtered  at  A k!!z  before  recording.  Dote  the  1-kKz  ring 

OF  THE  SOFT  MOUNT. 
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Figure  2.1-2 . Comparison  of  acceleration  measured  by  soft-mounted  piezoresistive  accelerometer  and 

HARD-MOUNTED  PIE2DELECTPIC  ACCELEPOMETtR  ON  llj-W  HOWITZER.  DATA  FILTERED  AT  r ,'z  BEFORE  RECORDING. 


■ARISON  OF  BREECH  ACCELERATION  AND  ACCELERATION  OF  FORWARD  END  OF  RECOIL  MECHANISE 
ACCELEROMETERS  WEPE  USED  AND  SIGNALS  WERE  FILTERED  AT  1 kHz  BEFORE  RECORDING. 
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LABORATORY  TIIST  RKSULTS 

Several  laboratory  experiment!;  were  conducted  in  an  attempt  to 
imulat e ballistic  shock  and  improve  the  measurement  of  ballistic  shock. 
i’Lree  experiment:',  will  be  discussed  in  this  section: 

a.  :5o  ft -mount  ter.  ts. 

b.  back-to-back  comparison  tests. 


sot  t -mount  t r.  - a ter.t  fixture  (figure  .'..'-11  was  constructed. 
Various  materials  were  tried  in  an  attempt  to  mechanically  isolate  the 
piec.oresist  ive  accelerometer  from  high-frequency  acceleration.  The 
materials  were  tested  bv  dropping  a steel  ball  bearing  from  a fixed 
position,  allowing  it  to  strike  an  aluminum  block,  and  examining  the 
accelerometer  output.  The  mounting  block  was  held  on  five  sides  by 
the  ter.t  material;  the  accelerometer  was  mounted  on  the  sixth  side  of 
the  block. 

Uncalibrated  qualitative  plots  ot  the  results  are  presented.  Figure 
■'  shows  the  signal  obtained  when  no  soft  mount  was  used.  In  this 
rase  the  accelerometer  was  mounted  directly  to  the  aluminum  block. 


It  is  noticeable  that  the  accelerometer  rings  at  its  own  natural 
frequency  for  the  entire  record.  The  only  part  of  the  signal  that  is 
not  accelerometer  ring  appears  to  be  the  first  two  cycles,  where  the 
■ ignal  does  not  pa.-n'.  through  r.ero.  When  the  signal  is  low-pass  filtered 
at  LO  kHz,  the  damped  10-kHz  ringing  of  the  filter  is  obtained.  The 
velocity  changes  for  both  the  unfiltered  record  and  the  record  filtered 
at  10  klic  are  approximately  the  same. 


HURD  MOUNT 
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Figure  2.2-2. 


Acceleration  versus  time  using  hard-mounted  accelerometer. 


2.2  (Cont'd) 

rigure  2.2-3  shows  the  results  obtained  when  room-temperature- 
vu Irani  zed  ( RTV ) silicone  rubber  was  used.  The  ringing  of  the  accelerom- 
eter at  its  own  natural  frequency  is  not  significantly  reduced,  but  a 
new  resonance  at  about  2 kHz  has  been  introduced.  This  new  resonance 
is  the  response  of  the  soft-mount  mechanical  system.  The  velocity 
changes  of  both  the  filtered  and  unfiltered  signals  are  approximately 
the  same  as  the  velocity  change  obtained  with  the  hard  mount. 

Figure  2.2-4  shows  the  response  obtained  when  a waxlike  substance 
(Fy-Seal)  was  used.  The  accelerometer  ringing  was  suppressed  with  this 
material  and  a new  resonance  of  approximately  2 kHz  was  introduced.  The 
velocity  change  of  both  the  filtered  and  unfiltered  signals  is  approxi- 
mately 15%  greater  than  the  velocity  change  obtained  with  the  hard  mount. 

Figure  2.2-5  shows  the  response  obtained  when  a nonhardening  putty 
( Duxseal ) was  used.  Accelerometer  ringing  was  suppressed  and  no  new 
resonance  was  introduced.  When  the  signal  was  filtered  at  10  kHz,  only 
the  damped  ringing  of  the  filter  was  present.  The  velocity  change  from 
both  the  filtered  and  unfiltered  signals  is  approximately  15%  lower 
than  the  velocity  change  using  the  hard  mount. 

The  good  agreement  (+15%)  of  velocity  change  despite  the  large  vari- 
ation in  the  acceleration  signals  is  encouraging.  Since  the  excitation 
(a  ball  bearing  hi+ting  an  aluminum  block)  was  the  same  throughout  the 
experiments,  some  measure  of  the  shock  should  be  the-  same.  In  these 
experiments  the  onl / quantity  that  indicated  that  the  shock  level  was 
the  same  regardless  of  what  type  of  instrumentation  was  used  (i.e., 
what  kind  of  mount)  was  the  velocity  change. 
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2.2  (Cont'd) 

Recently,  commercial  mechanical  filters,  similar  to  those  used 
in  this  report,  have  been  introduced.  These  filters  use  a butyl  rubber 
material  and  advertise  a resonance  amplitude  of  only  3 dB,  which  implies 
quite  high  damping  (0.5  of  critical).  Some  of  these  filters  have  been 
ordered  and  will  be  tested  in  the  near  future. 

Back-to-back  comparison  tests  - a piezoresist ive  and  a piezoelectric 
accelerometer  were  mounted  back-to-back  on  an  aluminum  cube.  This  cube 
was  then  attached  to  a protective  structure,  which  was  hit  with  a 
sledge  hammer  and  had  a ball  bearing  dropped  on  it. 

Figure  2.2-6  shows  the  unfiltered  response  of  the  two  accelerometer: 
to  a ball-bearing  drop.  Because  of  the  complicated  path  between  the 
surface  struck  by  the  ball  bearing  and  the  accelerometers,  little  ringinj 
at  the  accelerometer'  natural  frequency  is  present.  The  two  signals 
agree  quite  well  except  that  three  oscillations  of  the  piezoelectric 
accelerometer  near  the  end  of  the  record  are  almost  twice  the  amplitude 
of  the  piezoresistive  signal.  The  frequency  of  these  three  large 
oscillations  is  lower  than  tire  accelerometer  natural  frequency. 

Figure  2.2-7  shows  the  response  to  a sledge  hammer  on  a longer  time 
scale,  filtered  at  10  kHz.  The  signals  agree  quite  well  until  the 
piezoelectric  accelerometer  experiences  a DC  shift. 

Plate  tests  - steel  accelerometer  mounting  blocks  were  welded  to 
a piece  or  steel  armorplate  1/4  inch  (0.64  cm)  thick  as  shown  in 
figure  2,2-B.  A ball  bearing  was  dropped  from  a fixed  height  to 
strike  an  impact  point  in  the  center  of  the  plate,  approximately 
equidistant  to  all  accelerometers. 
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Figure  2.2-C.  Comparison  of  back-to-back  piezoresistive  (AEC39)  and  piezoelectric  (331)  accelerometer  respond 

TO  A BALL-BEARING  DROP,  UNFILTERLD.  IIOTE  ThREE  LARGE  OSCILLATIONS  OF  PIEZOELECTRIC  ACCELEROMETER  BEGINNING  AT  '*  C5. 
MICROSECONDS. 
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Figure  2.2-7.  Comparison  of  back-to-back  piezoresi stive  (AE039)  and  piezoelectric  (331)  accelerometer  response 

TO  A SLEDGE-HAMMER  HIT.  NOTE  THE  EFFECT  OF  THE  DC  SHIFT  PRESENT  IN  THE  PIEZOELECTRIC  ACCELEROMETER  SIGNAL. 
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Figure  2.2-8.  Configuration  of  accelerometers  on  armorplate;  331  and  310 
piezoelectric  accelerometers;  AE03D  and  AE27D  are  piezoresistive. 


2.2  ( Cent ' d ) 

Figure  2.2-9  shows  the  response  of  all  four  accelerometers  to  drop  8. 
In  this  drop,  several  layers  of  tape  were  placed  over  the  impact  point. 

This  modification  allowed  a smooth,  long-time-duration  (a.  200-microseconds) 
application  of  the  shock.  For  this  kind  of  shock,  all  accelerometers 
respond  in  a similar  manner. 

Figure  2.2-10  shows  the  response  of  the  accelerometers  to  a ball- 
bearing impact  on  the  bare  plate.  All  four  accelerometers  indicate 
that  the  ball  bearing  was  in  contact  with  the  plate  for  approximately 
30  microseconds.  The  piezoelectric  accelerometers  produce  the  largest 
peak  accelerations  (7700  g's  from  331  and  -2800  g's  from  310).  The 
piezoresistive  accelerometers  produce  significantly  lower  peak  accelera- 
tions (1000  g's  from  AE03D  and  930  g's  from  AE27D). 

Because  of  the  conf igurat ion  of  the  accelerometers,  it  is  impossible 
for  the  ball  bearing  to  have  hit  closer  to  both  the  piezoelectric 
accelerometers;  it  is  therefore  not  likely  that  the  actural  acceleration 
level  was  higher  on  both  piezoelectric  accelerometers  than  it  was  on 
either  of  the  piezoresistive  accelerometers. 

The  peak  accelerations  indicated  by  the  piezoelectric  accelerometers 
occur  well  after  the  actual  impact  of  the  ball  bearing.  In  the  case  of 
accelerometer  331,  the  peak  acceleration  is  almost  twice  the  amplitude 
of  the  acceleration  obtained  while  the  ball  bearing  was  in  contact  with 
the  plate. 
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